This study was aimed at assessing the possible relationship between upright and sitting postures in healthy adults. The center of pressure trajectories from the force platform on which the subjects stood or sat were analyzed through a frequency analysis and modeled through the fractional Brownian motion framework. The same type of control process was involved during sitting and upright posture maintenance. Both upright and sitting posture would be controlled by the same mechanical law and/or by the same type of central process. Conversely, these two postures presented different characteristics and a relative independence. Both postures displayed specific biomechanical constraints and involved specific effectors, in particular along the anterior-posterior axis. Thus, performances in these two postures are completely independent in the anterior-posterior axis, whereas they are slightly linked in the medio-lateral axis. Improved trunk functions to improve postural stability have an interest solely to improve lateral stabilization.
Posture can be defined as the position of the body segments at a given time. All species adopt a different reference posture, genetically determined and acquired from birth. In humans, upright standing is generally viewed as the reference posture, but depending on the context and the objective of the individual, various postures can nonetheless be adopted. Whatever the posture, its maintenance, according to Massion (1994) , ensures two functions: (1) an antigravity stabilization aimed at counteracting weight forces to build segmental association defining the posture. In a static condition, it requires that the center of gravity (CG) is vertically projected within the base of support; and (2) an orientation and exterior environment interface for perception and action. Its function consists of defining body segment position and orientation to determine the relative body position in the environment.
In addition, postural maintenance requires the relative stabilization of the whole body segments. In upright posture, this control is principally organized around the ankle joint, its main rotation axis. Upright posture maintenance is thus generally associated to an inverted pendulum oscillating around the ankles (Winter et al., 1996) . In this position, the destabilizing torque created by the whole body sway is very significant. This torque is defined by the segment mass and by the distance of its center of mass from the ankle axis. Upper body segments (trunk, arms, head) represent about 68% of body mass, and the distance between their center of mass and the ankle rotation axis represents about 80% of the subjects' height (Dempster, 1973) , creating a more significant segmental destabilizing torque. From a biomechanical point of view, upper body segments (trunk, arms, head) are the segments that are more crucially involved. Even though the inverted pendulum has been validated as a fair way to model human upright standing (Winter et al., 1996) , this feature has been contradicted by several studies (Day et al., 1993; Accornero et al., 1997; Aramaki et al., 2001 ). These studies have therefore suggested a strong influence of trunk control in upright posture stabilization. Healthy subjects would reduce CG movements by reciprocal control of hip and ankle joints (Aramaki et al., 2001) . The relative capacity to control upper body segments, and, more precisely, trunk motions, would therefore facilitate upright posture. Bilateral antagonist flexor/extensor (quadriceps, rectus abdominis, biceps femoris, and latissimus dorsi muscles) and bilateral antagonist abductor/adductor of the trunk (left and right obliqus abdominus externi and obliqus abdominus interni) are muscle groups principally involved in the control of trunk motions, along the antero-posterior (AP) and medio-lateral (ML) axes, respectively (Belen'kii et al., 1967; Cresswell et al., 1994) .
Along these lines, the main aim of this study was to characterize the importance of the capacity to control trunk motions in upright posture. To this end, healthy subjects were evaluated in both sitting and upright postures. The sitting position was used because of the importance of trunk muscles in postural stabilization in this position (Harbourne et al., 1993; Zedka et al., 1998) . Our principal question can be formulated as follows: Are the subjects characterized by a better sitting posture stabilization also those characterized by better upright postural stabilization? This question was answered by investigating possible relationships between upright and sitting regulations and by comparing the postural behavior of sitting subjects to that encountered in upright posture. It was hypothesized that the same process could be involved in both postural controls. On the other hand, due to specific biomechanical constraints (fewer degrees of freedom, larger support area, lower CG height), the performance (body sway) should be independent in both postures.
Methods Subjects
Thirty-two healthy subjects (16 males, 16 females) were included in this study. All subjects were adults averaging 23.2 ± 4.7 years (mean ± standard deviation), (height: 171.5 ± 7.0 cm; body mass: 63.8 ± 7.7 kg), having no known neuromuscular or traumatic impairment. They were informed of the protocol and agreed to participate.
Task and Procedure
Subjects were evaluated in a random order through upright standing (STA) and sitting (SIT) conditions consisting of five trials (duration: 64 s, rest periods: 50 s).
In the STA condition, subjects stood barefoot on a force platform (Equi+, PF01, Aix les Bains, France) in a natural position (feet abducted at 20°, heels separated by 3 cm) with their arms at their sides ( Figure 1 , left photo). In the SIT condition, subjects sat on the force platform, their back unsupported and shanks and feet hanging, arms crossed on the abdomen (Figure 1, right photo) . The platform border was positioned in such a way that the distance from the popliteus hollows corresponded to one-third of the thigh length. In both conditions, the subjects closed their eyes and were instructed to limit their trunk or body motions as much as possible, for the SIT and STA conditions, respectively. A rest period of at least 5 min was allowed between the two conditions. For both conditions, center of pressure (CP) displacements were measured from the force platform. The ground reaction forces, issued from three vertical mono-axial dynamometric load cells (range: 0-400 N), were monitored during the tests. The signals were then amplified and converted from analog to digital form through a 12-bit acquisition card and recorded with a 64 Hz frequency on a personal computer.
Signal Processing
Two analyses were used to characterize these CP displacements. First, a frequency analysis was conducted to analyze their spatial and temporal characteristics. Second, a fractional Brownian motion analysis was performed to assess the degree of control involved in the CP trajectories. Both analyses were achieved for the CP trajectories projected along the medio-lateral (ML) and antero-posterior (AP) axes.
The CP trajectories were converted in the frequency domain through a fast Fourier transform to obtain the amplitude distribution as a function of the frequency. The frequency spectra were then characterized through parameters such as the root mean square (RMS) and the mean power frequency (MPF). The former quantifies the range of motions independently of the frequency while the latter represents its mean frequency, i.e., the mean times for these motions to return to an identical position. These parameters were calculated on a frequency bandwidth of 0-3Hz.
RMS =
where i represents the frequency class, j and k the range of the frequency band, A i the range of the class and S i its median frequency.
A mathematical model termed fractional Brownian motion (fBm), initially described by Mandelbrot and Van Ness (1968) , was also used. This method, used for analyzing upright undisturbed posture (Collins & De Luca, 1993; Rougier, 1999a) , presents the main advantage of extracting significant parameters aimed at defining the nature and the level of the control involved in a given motion. The principle of fBm modeling is that the aspect of a trajectory, expressed as a function of time, may be quantified by a fractional, i.e., a non-finite integer space dimension. This latter, by definition greater than zero and less than one, thus provides a quantitative measurement of unevenness of a trajectory. This fractional dimension D is linked to a scaling exponent H since D = 1 -H for a point displaced through a single axis.
As shown by the formula, fBm modeling requires investigation of the link, through a scaling exponent H, between the mean square displacements <∆x 2 > as a function of increasing times intervals ∆t.
To be precise, the scaling regime H graphically corresponds to the half slope of the line portions constituting a variogram depicted bi-logarithmically. A median value of 0.5 for H indicates a lack of correlation between past and future increments and suggests that a pure random walk or stochastic process operates. On the other hand, if H differs from 0.5, positive (H > 0.5) or negative (H < 0.5) correlation can be inferred, indicating that the greater probability for a material point is to continue along or to turn back from a given axis, respectively. As the scaling regimes move away from the 0.5 median value, it would suggest that the contribution of deterministic mechanisms is increased.
Since two straight lines generally characterize variograms relative to whatever trajectories are issued from undisturbed upright posture, two scaling regimes of short (H sl ) and long latencies (H ll ), which correspond to the shortest and the longest ∆t respectively, have thus to be computed. A final step in this process consists of determining the transition point corresponding to the slope inflection. This point is particularly important since it determines (through a least square method) the computation of the successive scaling regimes, and then the transition between the two control mechanisms. The objective method used for this purpose is based on the evolution, as a function of increasing ∆t, of the distance between the calculated variograms and those expressing a completely stochastic process, i.e., a straight line with a one slope (described in detail by Rougier, 1999b) . Then, the mean square distance (∆x 2 ) and the mean time lag (∆t), characterizing the spatio-temporal coordinates of the transition point must be extracted.
Statistical Analysis
Normal distributions were assessed for the demographic data and for the calculated parameters through the Kolmogorov-Smirnov test. Given that all of the differences between normal and tested distributions were not statistically significant (p > .05), the subsequent statistical analysis was performed through parametric tests. The various parameters computed from the CP trajectories along ML and AP axes for the two SIT and STA conditions were analyzed through a two factor (axis, condition) analysis of variance (ANOVA), the Newman-Keuls test being used as post hoc. The relationships were assessed through the non-parametric Spearman correlation tests. The first level of significance for all tests was set at p < .05.
Results

Frequency Analysis
Mean frequency spectra, decomposed along ML and AP axes and frequency parameters, are presented in Figure 2 . On further analysis, it was shown that CP spectra from the SIT condition, when compared to upright posture, were characterized by lower magnitudes along both ML (p < .001) and AP axes (p < .001). Some larger CP magnitude, observed in the AP axis when compared to ML, was also found during STA (p < .001) and SIT conditions (p < .01). . When compared to the STA condition, the CP displacements display increased frequency bandwidths (as expressed through larger MPF) for the ML (p < .001) and the AP (p < .001) axes. In addition, for the SIT condition, these MPF were higher in the ML axis when compared to the AP axis (p < .001).
Fractional Brownian Motion Analysis
Interestingly, variograms calculated through CP displacements measured in the sitting position display characteristics similar to those computed from upright standing (Figure 3 ). For ML and AP axes, two straight lines can indeed still be seen, separated by a transition point, revealing that two successive controls operate in the sitting position, as for upright standing. Average CP spectra, characterizing the whole sample population, for both sitting and upright standing conditions. These spectra are decomposed along ML (black line) and AP axes (grey line). Note: On the sitting frequency spectra, a second frequency peak is generally observed around 0.3 Hz but, due to its position variability, cannot be observed on the traces. Bottom: Parameters aimed at characterizing these spectra (magnitude: RMS and mean frequency: MPF) (**p < .01; *** p < .001). Shorter ∆t were found in the SIT condition (as compared to STA) and for the AP axis (as compared to ML). With respect to the mean square distance covered for this ∆t, an effect was found only for the position factor [F(1, 124) = 123.88, p < .001]. Shorter <∆x 2 > were found for the SIT condition when compared to the STA condition. In the SIT condition, the corrective process operating over the longer ∆t and aimed at displacing the CG back to its equilibrium position is initiated after a shorter distance and time. To be more precise, in the SIT condition, the quality of the control involved in CP movements over the shortest ∆t was deteriorated along the ML axis, when compared to the AP axis (p < .001) and to the STA condition (p < .001). In the AP axis, the level of control involved in CP motions during the shortest time intervals was no different between SIT and STA conditions (p = .23). For the control mechanism operating over the longest ∆t (H ll ), some effects were 
Relationships Between Upright and Sitting Conditions
The results of the Spearman correlation coefficients between the parameters computed from the SIT and STA conditions are presented in Table 1 . Along the ML axis, there was a slight positive relationship between MPF and H ll measured in SIT and STA conditions. Subjects characterized by the larger MPF and by the lesser control of the CP movements over the longest time intervals in STA, are also those characterized by a larger MPF and by deteriorated control in the SIT condition. Along the AP axis, only one slight positive correlation was computed which involves the mean square distance covered <∆x 2 > at the onset of the corrective mechanisms. 
Discussion
The main purpose of our study was to assess whether the capacity to appropriately stabilize trunk movements could facilitate the control of upright standing. To this end, 32 healthy subjects were evaluated in both sitting and upright conditions. The characteristics and the possible relationships between these two postures were studied. This approach revealed two findings: (1) upright and sitting conditions were regulated by the same type of processes; and (2) due to some particular biomechanical constraints applied to upright and sitting conditions, the performances of individuals in these two postures appear largely independent. The control involved in the sitting position presents similar characteristics to those observed in upright standing. In accordance with the work of Cholewicki et al. (2000) , fBm modeling reveals that two successive mechanisms separated by a transition point intervene in the sitting stabilization. Data reported by Cholewicki et al. (2000) are slightly different from our values because of the different computing methods employed. Persistent and anti-persistent behaviors intervene in both sitting and upright standing, indicating that the main trend for the CP is to move away from this initial position or, conversely, to return to its initial position, respectively. In accordance with previous studies on the topic (Collins & De Luca, 1993; Peterka, 2000) , these results would suggest that, as for upright standing, the sitting position is regulated by both a stabilizing and a destabilizing process. These similarities suggest that both sitting and upright posture have nearby mechanical characteristics (Peterka, 2000) and/or are controlled by the same central behavior (Collins & De Luca, 1993) . The first level of control, inciting the CP to move away from its initial position, would be principally caused by the external (gravity) and internal postural perturbations (blood circulation, breathing, and inability of the skeletal muscles to produce a purely constant force). The second process, inciting the CP to return to its initial position, would be principally achieved through afferent inputs (Collins & De Luca, 1993; Rougier, 1999a) . This stabilizing process consists of regulating the internal and external perturbations to avoid a fall. In this study, three afferent inputs (tactile, kinaestesic, and vestibular) were available. The major difference between upright and sitting positions rests in tactile and joint afferent inputs: plantar sole receptors and ankle receptors are replaced by buttock and thigh cutaneous receptors and by hip receptors. It is well known that the former are largely specialized in upright standing regulation (Clement et al., 1984; Dietz et al., 1992) , while the influence of the latter is less known. Since our results do not highlight any difference in the level of control (through scaling regimes Hsl and Hll) involved in the stabilizing processes, it can be deduced that the afferent inputs contribute to upright and sitting position controls in a similar fashion.
The biomechanical constraints are reduced during sitting position maintenance. In comparison to upright standing, sitting position maintenance is characterized by some reduced biomechanical constraints: (1) the area of support is about 200% larger; (2) the number of joints to control is reduced; and (3) the vertical distance between the center of gravity and the support surface is reduced by about 75%. Thus, in the sitting position, the negative effects on postural control and stabilization induced by internal and external perturbations are reduced. This expectation could explain our results, which show that the corrective process intervenes sooner (after less distance and time). The main advantage of such a feature is to infer reduced CP movements. This trend was confirmed since some lower CP magnitudes were observed in the sitting position when compared to the upright posture along both ML and AP axes. This foreseeable result could be interpreted as the result of reduced co-contractions involving agonist and antagonist muscles in sitting position stabilization, when compared to upright standing.
The mobility of the postural chain is reduced during sitting position maintenance. As mentioned above, the postural destabilization is partly due to internal perturbations (blood circulation, breathing, and inability of the skeletal muscles to produce constant force). In upright standing, these internal perturbations are usually compensated by some antiphasic motions at the head and hip levels (Gurfinkel et al., 1971) . This compensatory capacity, known as the posturo-kinetic capacity (Bouisset and Zattara, 1983) , is a dynamic process directly dependent on the mobility of the postural chain, and then on the number of degrees of freedom (Kantor et al., 2001 ).
In the sitting position, the number of degrees of freedom and then the mobility of the postural chain are reduced, inducing a lessened capacity to compensate for the internal perturbations. Due to the greater influence of the internal perturbation on sitting position regulation (Bouisset and Duchene, 1994) , less deterministic processes can be expected over the shortest time intervals. Interestingly, this trend was not completely confirmed by our results. To be precise, when compared to upright standing, an enhancement of the contribution of the stochastic activity (through scaling regimes H sl ) was observed in the sitting position regulation, although solely for the ML axis. This fact, however, does not completely contradict our hypothesis that in the sitting position and due to its bi-ischiatic support, the pelvis exhibited less mobility in the frontal than in the sagittal plane. Then, in the SIT position reduced mobility of the postural chain is expected in the frontal in comparison to the sagittal plane, inducing a reduced capacity to compensate for internal and external perturbations in the frontal compared to the sagittal plane. These observations could explain the larger stochastic process intervening during the destabilizing process in the SIT position solely for the frontal plane.
In the same way, a shift of the CP frequency spectra towards the higher frequencies was observed in the sitting position. In this task, three motions occurring on different frequency bandwidths are usually identified from posturographic data (CP). The first, ranging from 0 to 0.17 Hz, is generally attributed to changes in the antigravity muscles during postural maintenance (Thomas & Whitney, 1959; Murray et al., 1975) . The second and third, ranging from 0.18 to 0.29 Hz and 0.9 to 1.7 Hz, respectively, corresponds to the respiratory (Bouisset and Duchene, 1994) and heart rate perturbations. Theoretically, these increased MPF in the sitting position CP displacements could be accounted for by reduced CP magnitude over the lower frequencies and/or by larger magnitudes over the higher frequencies. Both hypotheses could, a priori, be conceivable. Some reduced magnitudes occurring for the lowest CP frequencies could be interpreted as a result of a lower contribution of postural muscles, a feature which could stem from the reduced biomechanical constraints applied to the sitting position. Furthermore, and in accordance with Bouisset and Duchene (1994) , this interpretation could be insufficient. Spontaneous respiratory and heart rate and magnitude were supposedly similar in both postures, with the reduced mobility of the postural chain in the sitting posture possibly inducing some larger effects of these internal perturbations. These lessened compensations could also induce a shift of the MPF towards the larger values. As a result, the enhanced MPF shift of CP displacements during sitting position maintenance could be due to the decrease in muscular activity and by a smaller compensation of the internal perturbation. More precisely, and in accordance with the previous paragraph, this enhancement is larger along the ML than along the AP axis. This result confirms the importance of postural chain mobility to compensate for internal perturbation, which is reduced along the ML compared to the AP axis.
Trunk control would not be a good predictor for upright standing performance. Total independence between upright and sitting position maintenances was observed with respect to the mean CP magnitude, the delay before engaging the corrective process, and the degree of control of the CP movements over the shortest time intervals (Table 1) . Even though a comparable postural regulation is involved in these two postures, the biomechanical constraints and the effectors invested are different. These differences could explain the independence between these postures.
Two relationships between sitting and upright standing were noticed along the ML axis, involving MPF of CP movements and long latency scaling regimes H ll , which quantify the control involved during the corrective process operating over the longest time intervals. The effectors involved in upright and sitting positions are similar along the ML axis (hip adductors/abductors), whereas they are different along the AP axis. This feature alone could explain this relationship observed solely along the ML axis where both central process and effectors are supposedly similar in upright and sitting postures. In this way, the quality of the control for the longest time intervals in both the sitting and upright postures were linked.
Conclusion
Upright and sitting postures present some similarities. Two different forces (disturbing and facilitating) acting on both postures could be supposed consisting of random disturbance and control torques. In other words, the postural regulation would be similarly constrained: following a destabilization, due to the internal and external perturbations. A stabilization, linked to the afferent inputs, must be then engaged.
Concerning the relationship between upright and sitting maintenance, particular observations were made along the sagittal and frontal planes. In the sagittal plane, sitting and upright standing were independent while they were linked in the frontal plane. Although upper body segments constituted a larger part of the mass determining the larger destabilizing moment in both planes and although they are not totally fixed in upright posture, their control has a low influence on upright postural behavior. In the sagittal plane, postural stabilization would be principally determined by the posturo-kinetic capacity of the lower limb. Conversely, both lateral sitting and standing behaviors are controlled by hip adductors/abductors. Optimizing trunk function to enhance standing postural behavior would then be achieved solely for lateral stability.
